Abstract
Introduction

27
The overall context for this paper is the looming global food crisis. The United Nations 28 predicts that the world population will increase from 7.2 billion in 2013 to 9 billion by 
118
One key reason that VF is becoming more prevalent is because they require less 119 horizontal space and a reduced horizontal footprint and thus, in urban areas, in 120 particular, interest in this approach is growing (Birkby, 2016) . Birkby (2016) 121 furthermore notes all VF systems use one of three soil-free systems for providing 122 nutrients to plants. These are hydroponic, aeroponic or aquaponic. Vertical farms come 123 in different shapes and sizes, from simple two-level or wall-mounted systems to large 124 warehouses several stories tall (Birkby, 2016) . There are a number of commercial 125 manufacturers who produce customized VF systems in various sizes and designs, but 126 although the components may differ, many of VF systems use a gutter system through 127 which run-off water is collected.
128
The plant growing medium is an important consideration for the success of vertical 129 farms as well as living walls and as aquaponics systems do not normally use soil based 130 growing media, this study investigates various types of growing media that can be best 131 used in vertical aquaponics.
132
The research discussed in this paper aims to answer, at least in part, a number of 133 fundamental questions:
134
Can living walls and/or vertical farming systems be integrated into aquaponics 135 systems effectively and will the systems be more sustainable in terms of 136 producing more food. 
Materials and Methods
144
In order to answer the above questions, a number of considerations needed to be 145 studied. These include: 
156
In all the research undertaken to assess the benefits of growing plants vertically in 157 an aquaponics system the horizontal UVI based system at the University of
158
Greenwich Aquaponics Lab has been used as the control. All calculations and 159 assessment thus use the usual set up of fish tanks and filters but then establish the 160 differences and issues related to vertical versus horizontal aquaponics. • Floating Raft (this is used in the University of Greenwich system);
169
• Gravel or other granular material; and
170
• NFT (nutrient film technique).
171
Water flows by gravity through the filtration tanks on through the grow beds and back 172 towards the fish tanks where the water is then pumped back up to the fish tanks, usually as an example is as follows:
177
• Fish tanks -3.0m wide x 2.4m long (7.2m 2 );
178
• Filtration tanks -3.0m wide x 1.2m long (3.6m 2 ); and
179
• Plant tanks -3.0m wide x 6.0m long (18m 2 ). 
180
Thus the ratio between fish tanks: filtration tanks: plant tanks is 2:1:5 (Figure 1 ).
181
The above arrangement shows that the horizontal vegetable grow beds thus occupy Air lifts are sometimes used as they are more economical and because when using an airlift only a blower is required thereby reducing the need for the water pump. 4 Note these areas include access paths and spaces between tanks which are at a minimum. tanks and the sides of the greenhouse.
204
The potential for increasing plant production using VF and LW systems thus needs to 205 take account more than the maximum number of plants that can placed in each square 206 metre of the system but the calculation needs to account for the need for access by
207
people between the rows of VF/VL systems and also lighting.
208
The method for calculating the optimum space for vertical aquaponics compared to to each individual plant initially through pumping and then the water passes into the 233 growing media which then supports root and plant growth.
234
The type of growing media that is used in LW and VF systems is a key factor for the 235 successful operation of these systems. Choosing the appropriate growing medium that 236 the plants will be growing in, is one of the most crucial parts of the system which systems have a damp proof layer which stops water from entering the supporting wall.
285
At the outset of this research, two different LW systems were chosen as they were 
291
Three LW experiments using the two different types of LW were carried out to 292 determine 1) the performance of plants using different non soil based media and 2) to 293 determine any issues relating to the day-to-day management of the systems. The selection of the plants was based on the availability of seedlings in the greenhouse. 14 It should be noted that the unusual choice of charcoal, pond algae and straw was due to the aspiration to investigate common sustainable materials that were not usually used. It should also be noted the coconut fibre used was not horticultural grade but obtained from the lining for hanging baskets. 
323
This strategy aimed to identify the best inert growing media. The system was irrigated was not horticultural grade and this is most likely to have affected the results).
359
Whilst initial growth across the LW was good it became apparent that light and 360 exposure to wind were significant factors affecting plant performance ( Figure 6 ). column and a below average growth rate of 14.0cm in the 2 nd column.
378
• Overall there was a much greater evenness in growth across the living wall but 
397
• The average chicory diameter on perlite medium was 17.8 cm (Figure 10 ) and 398 average height was 9.2 cm placing it in 3 rd position in terms of both height and 399 diameter.
400
• The average chicory diameter was 20.5cm on the mineral wool medium ( Figure   401 10) and thus the 2 nd best in terms of diameter performance. 
